Abstract. Convenient and reliable multiple organ metastasis model systems might contribute to understanding the mechanism(s) of metastasis of lung cancer, which may lead to overcoming metastasis and improvement in the treatment outcome of lung cancer. We isolated a highly metastatic subline, PC14HM, from the human pulmonary adenocarcinoma cell line, PC14, using an in vivo selection method. The expression of 34,580 genes was compared between PC14HM and parental PC14 by cDNA microarray analysis. Among the differentially expressed genes, expression of four genes in human lung cancer tissues and adjacent normal lung tissues were compared using real-time reverse transcription polymerase chain reaction. Although BALB/c nude mice inoculated with parental PC14 cells had few metastases, almost all mice inoculated with PC14HM cells developed metastases in multiple organs, including the lung, bone and adrenal gland, the same progression seen in human lung cancer. cDNA microarray analysis revealed that 981 genes were differentially (more than 3-fold) expressed between the two cell lines. Functional classification revealed that many of those genes were associated with cell growth, cell communication, development and transcription. Expression of three upregulated genes (HRB-2, HS3ST3A1 and RAB7) was higher in human cancer tissue compared to normal lung tissue, while expression of EDG1, which was downregulated, was lower in the cancer tissue compared to the normal lung. These results suggest that the newly established PC14HM cell line may provide a mouse model of widespread metastasis of lung cancer. This model system may provide insights into the key genetic determinants of widespread metastasis of lung cancer.
Introduction
Lung cancer is a leading cause of cancer-related death worldwide (1). The 5-year survival rate for patients with non-small cell lung cancer (NSCLC) is less than 50% (2) . The development of widespread distant metastases after initial surgery is the main reason for cancer-related deaths in operable NSCLC. Overcoming widespread metastases might contribute to a marked improvement in the treatment outcome of lung cancer. Understanding the mechanism(s) of metastasis of lung cancer is indispensable for the development of novel treatment strategies.
It is thought that development of distant metastases requires a multi-step process, such as invading the surrounding tissue, entering the lymphatic or blood vessels, surviving in the circulation, extravasating into a new tissue, and growing in the new organ (3) . Lung cancers can metastasize to a variety of organs, but like other cancers, there is an organ preference for metastatic spread in lung cancer. The organ-preference patterns of tumor metastasis have been proposed to be the product of favorable interactions between metastatic tumor cells the 'seed' and the organ microenvironment the 'soil' (4) .
To date, part of the physics and biology of cancer metastasis has been examined and several molecules associated with metastasis have been identified and shown to play key roles in metastasis (5) . However, the molecular mechanisms of metastasis in lung cancer remain unresolved.
Precise analyses of the pathological, biological, molecular, and genetic aspects of tumor metastasis using tissue specimens from metastatic organs might contribute to further understanding of the mechanism of metastasis and to the development of new treatment modalities. However, it is much more difficult to obtain tissue specimens from metastatic organs than from primary tumors, not least because surgery is not usually the standard treatment for metastasis of various cancers. Furthermore, preclinical therapeutic studies on Establishment of a human lung cancer cell line with high metastatic potential to multiple organs: Gene expression associated with metastatic potential in human lung cancer TETSUHIRO (6) (7) (8) (9) . However, the majority of human lung cancer cell lines do not have the ability to metastasize to multiple organs beyond the lung in conventional athymic nude mice, even though the models were developed by directly injecting human cancer cells into the vessels of these nude mice (10) . One way to address this is to establish human cancer cell lines with a robust ability to metastasize to multiple organs in conventional nude mice (7, 8, 11) . Such highly metastatic cell lines might provide mouse metastasis models without troublesome manipulation and would be particularly suitable for comparative studies on biological and molecular mechanisms of metastasis using subclones with differing metastatic potential.
Important data on the molecular mechanisms of metastasis in cancers have been produced from comparative studies of biological behavior and genetic status among clonally related cell lines with different metastatic potentials (11) (12) (13) (14) (15) . Several genes associated with metastasis have been identified by comparing the gene expression in cells with different metastatic potentials, indicating that this strategy is useful for determining the molecular mechanisms of metastasis (12, 16, 17) . However, the metastatic potential of these cell lines is practically restricted to the lung in mouse models. Cell lines with high metastatic potential to multiple organs would be more appropriate for comparative studies, because such cell lines would more closely reflect the features of human cancer metastasis.
In this study, to develop a convenient and reliable multiple organ metastasis model system, we established a highly metastatic subline, PC14HM, from the PC14 human lung adenocarcinoma cell line using an in vivo method. The highly metastatic subline had the ability to metastasize to multiple organs. To search for genetic determinants of metastasis in human lung cancer, we compared gene expression profiles between the new subline and the parent cells using microarray and real-time reverse transcription polymerase chain reaction (RT-PCR) analyses.
Materials and methods
Human lung cancer cell lines. Human lung cancer PC14 cells were maintained in RPMI-1640 medium (Sigma, St. Louis, MO), supplemented with 10% heat-inactivated fetal bovine serum (Life Technologies, Rockville, MD), penicillin, and streptomycin in a humidified atmosphere of 5% CO 2 and 95% air at 37˚C.
Mice. Female BALB/c nude mice (5 weeks old) were obtained from Charles River Laboratories Japan, Inc. (Tokyo, Japan). Sterile food and water were available to mice ad libitum. The mice were maintained in sterile cages on sterile bedding and housed in rooms at constant temperature and humidity.
Experimental metastasis. Human lung cancer cell lines were injected intravenously (i.v.) into the lateral tail vein of nude mice at a density of 2x10 6 cells/0.2 ml. Mice were sacrificed when they became moribund, and an autopsy was performed.
Visceral organs were removed and inspected for the presence of metastases.
Selection of the highly metastatic subline.
A human lung cancer cell line with high metastatic potential to multiple organs was established by a method previously described (7) . Briefly, mice were injected i.v. with the parental PC14 cells and sacrificed when they became moribund. Under sterile conditions, organs with macroscopic metastasis were removed and a metastasized nodule was dissected free of connective tissue and blood clots, and rinsed twice with medium. The nodule was finely minced using sterile scalpel blades in medium, and the cells were seeded in tissue culture dishes. Then, 4-6 weeks later, the cells were reinjected i.v. into nude mice. This process was repeated three times to establish the highly metastatic subline, PC14HM. PC14HM was derived from an adrenal metastasis, which is uncommon, after i.v. injection of parental PC14 cells. The metastasized cells in the bone after reinjection of the first metastatic subline were reinjected again and cancer cells in the metastatic nodule in the bone were selected as the highly metastatic subline, PC14HM.
Tumorigenicity in nude mice. Tumorigenicity was examined by injecting 1x10 7 cells/0.2 ml into the subcutis of the dorsal flanks of nude mice. The tumor size was measured twice a week. Tumor volume (V) was calculated using the formula V = 1/2 x length x (width) 2 .
Cell proliferation assay. Cells were seeded in a 96-well plate at a density of 1x10 4 cells/well, and the number of cells at each time point was estimated using the TetraColor One Cell Proliferation Assay System (Seikagaku Corp., Tokyo, Japan) according to the manufacturer's protocol. Doubling times of the cells were calculated from the logarithmic phase of the growth curve.
cDNA microarray analysis. Total RNA was extracted using the RNeasy mini-kit (Qiagen, Tokyo, Japan) according to the supplier's protocol. Microarray analysis was performed using a Filgen Array Human 35K (Filgen, Inc., Nagoya, Japan), consisting of 34,580 cDNA fragments of human genes, 8 cDNA fragments of control human housekeeping genes, and 6 cDNA fragments derived from other species arrayed and immobilized. The 34,580 70-mer probes represented 24,650 genes and 37,123 gene transcripts. Fluorescent probes were synthesized by incorporating Cy3-or Cy5-dUTP (Amersham Biosciences, Arlington Heights, IL) using 2 µg total RNA as a template and the RNA Transcript SureLABEL Core kit (Takara Bio, Tokyo, Japan), and hybridized to the chip according to the manufacturer's protocol. Imaging and quantifying analyses were performed using the GenePix 4000B scanner (Molecular Devices Japan, Tokyo, Japan) and the Array-Pro Analyzer software (ver. 4.5; Media Cybernetics, Inc., Bethesda, MD). Gene expression was quantified as the ratio of PC14HM to PC14. For a cDNA fragment to be selected as being differentially expressed, it had to be expressed in PC14HM cells at a level at least three times higher or lower than in PC14 cells. These genes were then classified based on the described function. cDNA fragments with >10-fold difference in expression between the two cell lines are listed.
Clinical samples. Surgically resected specimens of lung cancer and matched normal lung tissue were obtained from 36 patients who underwent surgery at Gunma University Hospital between October 2002 and March 2006. The specimens consisted of 28 adenocarcinomas and 8 squamous cell carcinomas. After surgical removal, a portion of each sample was immediately frozen and stored at -80˚C until total RNA extraction. Institutional approval was obtained from the institutional review board of Gunma University Hospital. Written informed consent was obtained from the patients.
Quantitative real-time PCR (qPCR) analysis. Four genes, HRB-2, HS3ST3A1, RAB7 and EDG1, were randomly selected for this experiment from the list of differentially expressed genes. HRB-2, HS3ST3A1 and RAB7 were upregulated in PC14HM cells. Expression of EDG1 in PC14HM was approximately 200 times lower than in the parental cells in the microarray analysis. Total RNA was extracted using the RNeasy mini-kit (Qiagen) according to the supplier's protocol. Randomly primed cDNAs were reverse-transcribed from 5 µg total RNAs using the SuperScript first-strand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA) according to the supplier's protocol. Quantitative analysis of gene expression was performed using the TaqMan PCR method. PCR primers and TaqMan probes were purchased from Applied Biosystems (Foster City, CA). A cDNA conversion mixture (1 µl) was used for PCR amplification. The PCR mixture was prepared using a Quantitect Probe PCR kit (Qiagen) according to the manufacturer's protocol. Amplification was performed on an ABI 7300 Fast Real-Time PCR System (Applied Biosystems) programmed to hold at 50˚C for 2 min, hold at 95˚C for 15 min, and complete 45 cycles of 94˚C for 15 sec and 60˚C for 30 sec. The Sequence Detection software (ver. 1.3.1; Applied Biosystems) was used to measure the quantity of template molecule from the standard curve of the Ct value for each gene generated from cDNA from human brain poly(A) + RNA (Clontech, Palo Alto, CA). The level of mRNA expression in human lung cancer specimens for each gene was expressed as the value of the quantity for each gene relative to that for ACTB and compared to that of adjacent normal lung tissues. Each assay was performed in duplicate.
Statistical analysis. Differences in the number of metastatic nodules among each group of mice were analyzed for statistical significance using a Student's t-test. Differences in survival among each group of mice were analyzed for statistical significance using the log-rank test. Differences in the expression of the four selected genes between human NSCLC and normal lung were assessed using a Student's t-test. Differences were considered significant at the 95% confidence limit. All statistical analyses were conducted using the Statview software (Abacus Concepts Inc., Berkeley, CA).
Results
Metastatic potential of the highly metastatic subline PC14HM from PC14 cells. To evaluate the metastatic potential of the PC14HM cells, PC14 and PC14HM cells were injected simultaneously into the tail veins of five mice. In the five mice injected with PC14 cells, only one developed macroscopic metastases in the lung and bone 69 days after injection (Table I) . The other four mice were sacrificed between 96 and 130 days after injection. No obvious metastases were observed in these mice. On the other hand, mice injected with PC14HM cells became moribund between 19 and 39 days after injection and autopsies revealed that all five mice developed macroscopic metastatic nodules in the multiple organs, such as the lungs, lymph nodes, bones, and adrenal glands ( Table I ). The distribution of organs with metastasized cancer was similar to that seen in human lung cancer (Fig. 1) . In particular, bone metastases developed in all five mice injected with PC14HM cells. Differences in the number of metastatic nodules and the survival periods were statistically significant between the highly metastatic subline and the parental cells (P=0.0101, P=0.0027, respectively; Table II ).
Effect of growth rate and tumorigenicity on metastatic ability.
The in vitro population doubling times of PC14 and PC14HM were 41 and 42 h, respectively. No statistically significant difference was observed between the cell lines (Table II) . To compare tumorigenicity between the two cell lines, the average number of days for tumors to reach 1000 mm 3 was compared. The PC14 tumors took 18.9 days to reach 1000 mm 3 after subcutaneous injection, whereas the PC14HM tumors took 17.6 days (Table II) . There was no statistically significant difference between the cell lines.
Differences in gene expression between PC14 and PC14HM
cells. According to the cDNA microarray analysis, 981 cDNAs (among the 34,580 cDNAs) showed 3-fold differences in expression between the PC14 and PC14HM cells (data not shown).
The expression of 537 cDNAs was more abundant in PC14HM than in PC14 cells, whereas that of 444 cDNAs was lower in PC14HM than in PC14 cells. Functional classification based on gene ontology biological processes revealed that >30 genes Table II . Characteristics of PC14 cells and the highly metastatic subline. The number of metastatic nodules was significantly different than that observed in mice injected with parental PC14 cells (P=0.0101).
Experimental metastasis
d Survival periods were significantly shorter than for mice injected with parental PC14 cells (P=0.0027). associated with metabolism, cell growth and/or maintenance, cell communication, transcription, and development were contained in the differentially expressed genes (Table III) . More than 10-fold differences in expression were found in 28 cDNAs between the two cell lines. Tables IV and V list the genes expressed in PC14HM cells at least 10-fold higher or lower than in PC14 cells, respectively. In listing the genes, two cDNAs without gene information were omitted from the 11 cDNAs that were expressed in PC14HM more abundantly than in PC14 cells. Thus, 9 upregulated genes and 17 downregulated genes are listed in Tables IV and V, respectively.
Expression of genes differentially expressed between PC14 and PC14HM cells in human NSCLC and normal lung tissues.
In the qPCR analysis, the mean relative expression of the three genes that were upregulated in PC14HM cells, HRB-2, HS3ST3A1 and RAB7, was also elevated in human lung cancer compared to normal lung (Fig. 2) . Expression of HS3ST3A1 between lung cancer and normal lung tissues showed a statistically significant difference (P=0.0027; Fig. 2 ). Expression of EDG1, which was downregulated in PC14HM cells, was also reduced in human lung cancer compared to normal lung, and the difference was statistically significant (P<0.0001; Fig. 2 ).
Discussion
Metastases of lung cancer often appear in multiple organs. Various organs can be attacked by lung cancer cells, which tend to 'prefer' certain organs over others (18) . To understand the mechanisms of metastasis of human lung cancer, it is important to identify the metastatic potential of multiple organs. There is limited information about the metastasis of Table III . Functional classification of genes differentially expressed between the PC14HM highly metastatic subline and parental PC14 cells. human lung cancer cells for several reasons, including the fact that it is difficult to obtain tissue specimens from multiple metastatic organs and because there is no relevant and simple animal model of the metastasis of human lung cancer. Until now, the development of animal models for multiple organ metastasis of human lung cancer has required complex immunocompromised host animals, such as severe combined immunodeficient (SCID) mice depleted of natural killer cells with anti-IL-2 receptor β chain antibody, or other genetically modified rodents, such as SCID-beige mice or NOD/SCID mice (6, 9, 11, 19, 20) . To establish a more useful and convenient animal model system for studying metastasis of human lung cancer, we isolated a highly metastatic subline, PC14HM, from the parental PC14 lung adenocarcinoma cell line. Tail vein injection of the highly metastatic subline caused multiple organ metastases in all inoculated nude mice, whereas few metastases were observed after injection of the parental cells.
No. of genes -----------------------------------------------------------------
Comparison of gene expression between the highly metastatic subline and their parental cells identified candidate genes that may be involved in regulating the metastatic potential of human lung cancers.
We chose to implant cells via tail vein injection, even though such models generally do not experience several steps of the metastasis process (such as growth in primary organs and invasion into the surrounding tissue and lymphatic or blood vessels) because this method tends to produce a more stable multi-organ metastasis model (8, 9) . Orthotopically or subcutaneously implanted models show all steps in the metastatic process, but are only rarely successfully produced (8, 9, 21) . There may be several reasons for this; for one, the survival time of mice injected orthotopically or subcutaneously is much shorter than the period it takes tumor cells to metastasize to distant organs, because of the typically rapid growth of primary tumors (9) . Subcutaneous inoculation of PC14HM or the parental cells indeed did not cause metastasis when the subcutaneous nodules grew completely.
Mice inoculated with PC14HM cells became moribund within 40 days and developed multiple metastatic nodules (average, 2.8) in multiple organs, such as the lung, bone, adrenal gland and lymph node. This stability in the survival period, incidence, and number of metastases, and the wide variety of distribution of organs with metastases are useful aspects of a multi-organ metastasis model for molecular and genetic studies and for the development of novel treatment strategies of cancer metastasis.
The distribution of metastasized organs in our models was similar to the pattern of metastasis of human lung adenocarcinomas, which is thought to reflect organ heterogeneity and organ 'preferences'. Lung, bone, adrenal gland and lymph nodes are frequent metastasis targets with progression of the disease, and our model system may be useful for studies on organ preferences in the metastatic spread of lung cancer. Bone and brain metastasis especially worsen the patient's quality of life.
Stable development of bone metastases is a distinctive feature of our model. A previous bone metastasis model was reported, but it requires complex manipulations, such as injection of human cancer cell lines into the left ventricle of nude mice (22) , while our model system adopts conventional tail-vein injection, a much easier procedure. In the course of developing PC14HM, the subline experienced two cycles of experimental bone metastasis in nude mice. It would be intriguing to investigate whether the distinct bone metastatic ability of PC14HM is the result of a particular organ preference for metastasis to bone.
Brain metastases were not detected macroscopically in any mouse injected with PC14HM cells at the time of autopsy. Conventional experimental metastasis models using severe combined immunodeficient mice also do not develop brain metastases (6) . Development of brain metastasis has been reported to require injection of human lung cancer cells into the carotid artery of mice and histopathological conformation of metastatic nodules (23) . Thus, to date, research on brain metastasis using mouse models has only been conducted using unique equipment and complex manipulations.
The process of cancer metastasis involves a series of linked sequential steps, including local tumor growth, angiogenesis, invasion, detachment, intravasation, circulation, adhesion, extravasation, and growth in distant organs (3, 8) . In this study, proliferative activity in vitro and tumorigenicity in vivo showed no significant difference between PC14HM and parental PC14 cells, indicating no obvious correlation between proliferative activity and/or tumorigenicity and metastatic potential of the cell lines. Based on these results, proliferative activity and/ or tumorigenicity may be less important for the regulation of metastatic potential in PC14 cells. Functional studies of clonally related cancer cell lines with different metastatic potentials have demonstrated a relationship between metastatic potential and biological properties other than proliferative activity, such as invasiveness, motility, and adherence (11, 12) . Further studies on other biological properties of PC14HM and PC14 cells may provide information on important biological determinants regulating the metastatic potential of lung cancer cells.
Cell regulatory pathways that are deregulated in lung cancer include the Rb/p16/cyclin D1, p53/MDM2/p19ARF, Wnt/APC, EGFR/Ras, PP2a, and telomerase pathways (1). PC14 harbors a homozygous deletion of p16 (24) and wildtype K-ras and EGFR (25) . Activating mutations in the EGFR kinase domain is strongly associated with responsiveness to EGFR kinase inhibitors (26) . Also, the presence of these EGFR kinase mutations is associated with improved progression-free survival and overall survival after therapy with EGFR kinase inhibitors, compared to patients with wild-type EGFR (27) . Thus, improving the outcome of treatment in patients with metastatic lung cancer harboring wild-type EGFR remains an essential clinical problem to be resolved. Our model system using PC14 may be useful for the assessment of novel therapies against metastatic lung cancer with wild-type EGFR.
To search for genetic determinants for metastasis in PC14 cells, we used a cDNA microarray analysis with the highly metastatic PC14HM cells and their parent cells. Among 34,580 genes examined, 537 upregulated and 444 downregulated genes with at least a 3-fold difference in expression were identified. Functional classification of these differentially expressed genes demonstrated that more than 30 genes were associated with metabolism, cell growth and/or maintenance, cell communication, transcription, and development. More than 10-fold differences in expression were observed in 26 cDNAs between the two cell lines. In this screen of genes with highly differential expression, multiple genes were associated with the biological processes listed above. It is possible that these functional clusters contain genes that are important for understanding and ultimately treating cancer metastases.
To evaluate the expression of the differentially expressed genes in human lung cancer, qPCR analysis using a human lung cancer specimen and adjacent normal lung tissue was performed. We randomly selected four differentially expressed genes, HRB-2, HS3ST3A1, RAB7 and EDG1, for qPCR analysis. The expression of three genes, HRB-2, HS3ST3A1 and RAB7, upregulated in PC14HM cells, was higher in a human lung cancer specimen than in adjacent normal lung tissue, whereas expression of a downregulated gene, EDG1, was markedly lower in the human lung cancer specimen. Differences in the expression levels of two of the four selected genes, HS3ST3A1 and EDG1, were statistically significant. These findings may reflect the functions of these genes in human lung cancer cells, indicating possible associations with not only metastatic potential but also carcinogenesis and progression.
EDG1, also known as S1PR1, encodes a member of the endothelial differentiation gene (Edg) family of proteins, which are G protein-coupled receptors for sphingosine-1-phosphate (S1P), a biologically active metabolite of sphingolipid (28, 29) . S1P-S1PR1 signaling has been proposed to contribute to cancer progression by regulating tumor proliferation, invasion, and angiogenesis (28, 30) . Inhibition of S1P-S1PR1 signaling has been considered a novel target for cancer therapy (28, 31) . However, recently, Metodieva et al reported reduced expression of S1PR1 in human NSCLC specimens compared to that in peripheral non-tumor tissues (32) . On the other hand, receptor subtype-specific positive and negative regulation of S1P-S1PR1 signaling has been proposed. Furthermore, the direction of signaling is thought to depend on cell type (33, 34) . In this study, expression of Edg family genes other than EDG1 was not significantly different between PC14HM cells and the parent cells (data not shown). Although further study is clearly necessary to validate the functional significance of the Edg family in lung cancer, it is possible that reduced expression of EDG1 in lung cancer cells influences metastatic potential in lung cancer.
HS3ST3A1 encodes the enzyme 3-O-sulfotransferase, which catalyzes the biosynthesis of a specific subtype of heparan sulfate (HS), 3-O-sulfated heparan sulfate. This HS subtype has specific functional significance for herpes simplex virus-1 infection (35) . To the best of our knowledge, no function of this molecule in cancer cells has previously been suggested. However, heparan sulfate cleavage by heparanase is strongly implicated in cell dissemination associated with tumor metastasis, angiogenesis, and inflammation (36) . Upregulation of HS3ST3A1 in PC14HM cells is thought to increase the biosynthesis of the specific HS subtype and to contribute to elevated metastatic potential. The function of HRB2 in human cells has not been determined.
Rab7 is a late endosome/lysosome-associated small GTPase, perhaps the only lysosomal Rab protein identified to date (37) . Rab7 plays critical roles in the endocytic processes, participating in multiple regulatory mechanisms in endosomal sorting, the biogenesis of lysosomes, and phagocytosis. These processes are closely related to substrate degradation, antigen presentation, cell signaling, cell survival, and microbial pathogen infection. Consistently, mutations in or dysfunction of Rab7 result in traffic disorders, which cause various diseases, such as neuropathies, cancers, and lipid metabolism diseases (37). Frasa et al reported that Rab7 participated in the regulation of E-cadherin turnover and stability of cell-cell contacts by interacting with EGF and its downstream effector, Rac1 (38) . In addition, Rab7-mediated lysosome trafficking is implicated in hepatocyte growth factor-induced invasion by prostate tumor cells (39) . Elevated expression of RAB7 in PC14HM cells and human cancer specimens may suggest a role of this molecule in carcinogenesis, cell adhesion, and invasion. Overall, the findings with these randomly selected differentially expressed genes may suggest that the panel of differentially expressed genes will contain functionally significant genes for metastasis in lung cancer.
In summary, we established a human lung cancer cell line with high metastatic potential to multiple organs from the PC14 cell line using an in vivo selection method. Using microarray analysis, we were able to identify a panel of genes that were differentially expressed between the highly metastatic subline and the parent cells. Although further studies are needed, as described above, these genes may contain candidates for molecular determinants of metastasis in lung cancer and may even provide candidate molecular targets for the treatment of metastatic lung cancer. This metastasis model system will be useful to further understand the molecular mechanism(s) of, and discover and characterize novel therapeutic strategies for, the metastasis of human lung cancer.
